The magnetic emission signals, accompanying the martensitic transition in Ni 2 MnGa magnetic shape memory alloy, are studied. The width (duration) and height (amplitude) distributions of the signals exhibit a power-law behaviour, with exponents and respectively. The values of and are characteristic of the magnetic noise originating from the transition itself and both have the value of 3:0 AE 0:15.
Introduction
The Ni 2 MnGa ferromagnetic shape memory alloy has different magnetic properties in the austenite and martensite phases.
1) Accordingly, during martensitic transformations, due to the formation of the martensite variants, large rearrangements of magnetic domains can take place as well. Thus it is expected that large magnetic emission (referred as ME in the text) signals (similar to the magnetic Barkhausen (MBN) signals, but different in origin) can be detected without any external excitation. If there is no magnetic excitation, the measured signals characterize the transformation itself, similarly as the acoustic emissions measured by Vives et al. 2) and by Manosa et al. 3) in this type of magnetic shape memory alloy.
Magnetic noise measurements provide an indirect, but powerful information for the understanding of microscopic magnetization processes. For example a very recent publication, dealing with magnetic noise during dynamic fracture, 4) proved that the possibilities of this technique are even greater. Indeed it was shown that the exponents of the power law behavior of the distributions of the amplitudes, areas, energies and the duration of voltage peaks were characteristic for the fraction mode, i.e. the exponents obtained have diagnostic information on the material characteristics as well. The basic idea of our investigations is similar. A physical process, such as a structural phase transformation, can be characterized via magnetic signals because a ferromagnetic material always answers with some domain rearrangements to external (magnetic, stress) effects.
The martensitic transformation is a diffusionless first order phase transition with significant change of the unit cell (in the case of the Ni 2 MnGa there are two transformations, from cubic austenite to tetragonal martensitic structure, and at low temperature from tetragonal martensitic to monoclinic martensitic phase). This can result in a shape change at about 10%. Because of this large value, the nucleation of the low temperature phase modifies the internal strain field. For the so-called thermoelastic case this strain energy is stored elastically and thus it blocks the further growth of the martensitic plates completely at a fixed temperature. This phenomenon leaves the system in metastable thermoelastic equilibrium, so the transformation requires further undercooling to proceed. Thus the transformation is realized as a sequence of irreversible avalanches, in a way very similar to the magnetization of a ferromagnetic material.
The theory, on which the analysis of the magnetic emission signals emitted during the phase transformation is based, is the self-organized criticality (SOC). This concept was introduced by Bak, Tang and Wiesenfeld, 5) for a possible explanation of the well-known 1/f noise. According to SOC dissipative systems with spatial and temporal degrees of freedom naturally evolve into critical state, which leads to avalanches with no intrinsic time and length scale. Such behavior is characterized by power law distributions for the size, amplitude and duration of the avalanches. Because of the non-uniqueness of this theory it could be applied for a great variety of systems, such as earthquakes, 6) Barkhausen noise, [7] [8] [9] dynamic fracture 4) or, as in this case martensitic transformations. 2, 3) Since the tetragonal low temperature phase is characterized by lower level of symmetry, for one possible cubic austenite variant three possible tetragonal martensite variants 1) corresponds in Ni 2 MnGa. This leads to a formation of martensite plates in the material, where each plate has a different crystallographic orientation, so a crystalline domain structure appears in the material. For a ferromagnetic material like the Ni 2 MnGa another mosaic structure, namely the ferromagnetic domains is also present. It is expected that there is a connection between the two types of domains (see also Ref. 10) . The high value of the magnetic anisotropy coefficient anchors the magnetic moment to a certain crystallographic direction. Thus the formation of the martensitic variants creates a geometric constraint for the magnetic domains and it is expected that the martensitic transformation can be monitored by the magnetic signals emitted during the domain rearrangement.
In this paper we present results on experimental investigation of magnetic emission noise during austenite-martensite transformation in Ni 2 MnGa shape memory alloy. It * Graduate Student, University of Debrecen
The Japan Institute of Metals will be shown that the peak heights and widths follow a power-law distribution, with an exponent characteristic for the phase transformation.
Experimental Procedures
Since the single crystalline samples used in the ME experiment could not be loaded into the calorimeter, we used smaller samples with different masses and slightly different compositions (spark cut from the same single crystal, but from different region). They were put into a power compensation DSC (Perkin-Elmer DSC-7) to determine the characteristic temperatures ðT c ; M s ; M f ; A f ; A s Þ. Since the obtained temperatures agreed quite well, it can be concluded that any possible mass or compositional differences (within the samples) have no significant effect on the transition. The martensite start temperature was 277 K while the Curietemperature found to be 326 K and these values were also accepted for the larger samples.
For the ME measurements we used two rod-like samples with dimensions 20 Â 2 Â 2 mm 3 (referred as 'larger sample' in the text) and 13 Â 1 Â 1 mm 3 ('smaller sample'). Since this measurement is an extension of our investigations of the magnetic field excited Barkhausen signals in different phases of Ni 2 MnGa alloy, 11) we used the same sample and the same experimental setup with minor modifications.
The sample was put into a coil of 5,000 wounds (such great number of wounds was needed to measure the Barkhausen signals in austenitic state 11) ). Figure 1 shows typical ME and Barkhausen signals (1a and 1b respectively). The gain of the amplifier chain was adjusted such a way that the maximum peak amplitude would not exceed the 5 V limit of the output.
For identifying the peaks a threshold level was chosen in a way, that the peak heights of electronic noises fell below it [one can easily set this level: see Fig. 1(b) ]. A peak was identified as a part of the voltage-time curve which fell between two consecutive intersections of the above mentioned threshold level.
4) The experimental distribution of the peak heights Pðh exp Þ was determined by sampling the peak maxima (above the threshold level) and plotting the relative frequency of them. The experimental peak width was defined as the time distance between the intersections. The experimental peak width distribution PðT exp Þ is the frequency of the peak widths created by a similar sampling.
The main differences between this and our Barkhausen measurements 11) were the following: i), there was absolutely no external excitation ii) the sample was subject to a relatively slow free cooling (the cooling rate was between 2-3 K/min). This free cooling guaranteed the monotonity, i.e. there was no oscillation of temperature, which may cause the multiple forward and reverse transformations of the same pieces of the sample.
During the test we measured the specimen temperature with a copper-constantane thermocouple. We found that the noise generation temperature interval was in quite a good agreement with the transitional regime measured with the DSC.
Our evaluation method was slightly different from the well-known log-log plot, since this process has a serious drawback. Namely, in this plot the treatment of the linear offsets is quite difficult. These linear offsets are quite common in the measurements due to electronic delays (duration distribution) voltage offsets of the circuits (amplitude distribution) or the ill-chosen baseline (amplitude distribution). These linear offsets could give false, but otherwise good-looking, results (showing all the characteristics of a good plot, but with a wrong slope).
We used the following evaluation method. The most general form of the distribution (for the sake of simplicity let us consider the pulse height distribution) can be written 12) as
Here is the exponent and h 0 is called the cut-off value and in most cases the g function is a simple exponential. Well below the cut-off value the g function could be estimated as being equal to 1. If we take that there is an offset (Àh Ã ) in the measured signals (h exp ) then the SOC works correctly for the variable h ¼ h exp þ h Ã . Taking the following distributions
and deriving it according to h exp , we have the following result:
Dividing eq. (2) with eq. (3) leads to
Thus the critical exponent can be read directly from the slope of the plot PðhÞ=P 0 ðhÞ versus h exp and the unknown Àh since a numerical derivation is required, it needs very good statistics (which is not always the case). For the practice a combined evaluation became the most fruitful. Different distributions with identical experimental conditions (in this case it could be assumed that the offsets are identical) have been taken. Then they all evaluated in the way described above, and e.g. the values of have been determined from the best distribution. After determining , the offset (Àh Ã ) can be easily found by simply searching the offset which gives back the correct . Finally all distributions have been corrected with the same offset, providing that the parameters of the equipment (gain, base line. . .) kept the same in all of the measurements. The same process could be made to the create the PðTÞ distributions too.
Finally a reboxing using logarithmic bins was applied to each of the spectra to enchance the higher end of the distribution (see e.g. Ref.
3). Figure 2 illustrates the amplitude spectrum of the magnetic emission signals, carried out in one cooling cycle. The first part of the plot is due to the system dependent electronic noise. After this region (indicated by an arrow) a clear power law regime (see the fitted line) with an exponent ME ¼ 3:0 AE 0:15 could be observed in the plot. The beginning of the cut-off is also observable at the end of the spectrum. Figure 3 represents the duration spectrum. There is one and a half order of magnitude long power law regime (the end of the electronic noise is again indicated by an arrow) with the exponent ME ¼ 3:0 AE 0:15. However the cut-off effect is not visible here. This could be explained by the experimental procedure. Unlike the usual Barkhausen measurements where one could do sufficient number of cycles, here only one transitional half-cycle takes place. This resulted in a bad statistics. Thus the cut-off is unobservable (the last point in Fig. 3 , being still within the SOC region, has $0:05 counts/ cell and the cut-off usually results in an order of magnitudes fall and thus this would be too low to detect in this arrangement).
Results
The size effects had serious impact on the Barkhausennoise distributions (see in Ref. 8 ) by making the value of the critical exponent and the cut-off value slightly, but detectably, different for different sizes of samples. Figure 4 shows the peak height distributions, under identical conditions for our samples of different sizes, and it can be seen that the difference in the critical exponent, if it exists at all, is well within the error marks. The same is true for the width distribution.
Discussion and Conclusions
While most of the previous magnetic measurements with ferromagnetic shape memory alloys (containing the Fe-Pd, the Co 2 MnGa, Ni-Mn-Al also) have been concentrated on the hysteresis properties and stress related effects, investigations dealing with magnetic noise behavior are quite rare. There is only one experiment published 13) investigating the Fourier spectrum of the Barkhausen noise in the Fe-Pd system, but no statistical noise analysis was made. Fig. 2 The amplitude spectrum measured during cooling. The first arrow indicates the end of electronic originated noise (as usual) while the second arrow points to the cutoff. Fig. 3 The duration spectrum measured during cooling. The arrow here also indicates the end of the electronic noise and of course the beginning of the real ME spectrum. The lack of the expected cut-off phenomenon is mainly due to the lack of good statistics. Fig. 4 Illustration of the lack of size effects: the amplitude spectra give the same exponents for samples of different size. The same is true for the width distribution.
Magnetic Emission During Austenite-Martensite Transformation in Ni 2 MnGa Shape Memory Alloy
It should be noted that the measured amplitude and duration spectra obey a power-law distribution in agreement with the theory of self-organized criticality. The measured exponents for both the amplitude and duration distribution were 3:0 AE 0:15 and they were independent of the specimen size. This latter observation can be easily explained: the change of the exponent in the Barkhausen noise experiments is due to the demagnetization 8) which is crucial using external magnetic field, but in our experiment the driving force is the phase transition itself. This leads to very marginal presence of demagnetization and thus no size effects are expected. Table 1 . summarizes the exponents obtained also from Barkhausen noise experiments 11) on the same samples. The Barkhausen noise exponents, characteristic to the given phase, are definitely smaller than ours and show an observable size effect. This also indicates that the ME exponents are characteristic itself to the transition between the two phases.
The comparison of the results on AE and ME noise experiments during martensitic transformations is more interesting because the emission of acoustic waves, initiated by the sudden change in the local strain field resulting from the phase transformation driven by an external field (temperature, stress) is characteristic of the martensitic transitions. The ME signals have the same origin, however while AE directly measures the jumps of the habit plane, the ME does it via the magnetoelastic coupling between the magnetic domains and the martensitic variants. Thus it is an interesting question whether the ME signals have the same power law distributions with the same exponents or not.
Comparing the exponents of the amplitude distributions, obtained from AE and ME measurements, it is clear that our ME value is different from the AE value measured by Manosa et al. ). In addition the difference between the two techniques should be noted: the ME, like the MBN measurements, is surface sensitive (the typical information depth is from few microns to some tens of microns depending on the material) while the AE is a bulk testing method.
Thus further theoretical and experimental investigations (possibly measuring both AE and ME signals in a relatively thin specimen) are required to understand the possible physical effects behind these deviations, and also to understand the values of the exponents. Another interesting experiment would be a similar, but comparative, investigation of the tetragonal-monoclynic (intermartensitic) transition and the austenite-martensite transformation measured in this work. 
